In studies of fish behavior or the ecology of schooling fish and in estimating fish biomass, information on fish position and size are required.
In order to study fish behavior or the structure of fish schools, some attempts have been made to determine the position of fish in three dimensions using underwater photography.
Bovce,1) MER TENS," and SH1PEK" used a method to determine the size of an object and its distance from the camera by using overlapping stereo images. However, this method can be applied only to objects which intersect the optical axis of the camera lens perpendicularly.
CULLEN et al.4) developed a method for estimating fish-to-fish distances in three dimensions using photographs taken from above against a background grid. From the relationship between the position of the image of the fish and its shadow on the stereo film, the height of fish from the aquarium bottom was obtained. Then, the position of the fish in two dimensions in a horizontal plane was obtained from the relationship between the position of fish and the background grid on the stereo films. However, this method requires a bright light to create the shadow of the fish on the bottom of the aquarium, or special equipment such as stereo scopic camera lenses. Further, in order to obtain data from the fish shadow, the bottom must be level and high contrast of the bottom is required for distinguishing the fish shadow from the bottom. This method cannot be used in the sea field or when the camera is pointed horizontally. SvnioNs5,8) described a method for measuring fish-to-fish distance by photographing the fish school from above and from the side simultaneously in a laboratory water tank, but the method for measuring the spatial position of fish was not reported. Again, in the sea, equipment will become very complicated for simultaneous photo graphing from above and from the side. Re cently, HASEGAWA and Tsusof7) demonstrated a method to determine the spatial position and the length of fish using stereo photographs taken from above the water surface, but the technique cannot be used in underwater.
OKAMOTO et al.5-11) studied the ecology of fish near artificial reefs by using an underwater camera set on the sea bottom. However, in their research, camera was used only to observe the fish behavior.
Thus, a method for measuring the underwater position of fish at any aspect in the field of view of the stereo cameras is required. For this purpose, an underwater stereo camera system was used to photograph fish and a method was developed to determine the position of fish in three dimensions using the stereo photographs obtained. The length, aspect and bearing angles of fish in the camera field of view, and the distance between the camera and fish were calculated from its spatial position.
Analysis of Stereo Photographs
The relationship between the two 2-dimensional images of an object in a pair of stereo films taken underwater and the 3-dimensional position of the object, is shown in Fig. 1 . The optical axes of lenses 1 and 2 are X and X'. In the plane contain The coordinates of object S relative to lenses 1 and 2 are expressed as xT, yT, zT and xT',yT', zT', respectively. The incidence angles of light at lenses 1 and 2 in the X-Y planes are denoted by p and p', respectively, and by p" the incidence angle of light at lens 1 in the X-Z plane. In Fig. 2 (a), xT' is equal to xT, so the tangent of angles p and p' can be expressed as follows.
tan p=yT/xT (1)
Further, from Fig. 2(b) , the tangent of angle p" can be expressed by the following equation.
tan p"=zT/xT (
According to SNELL's law, the refractive index of water relative to air Re, can be expressed as follows.
Re=sin q/sin p ( 
In much the same way as above, D and D' are constant, while the coordinates yl, zI and yl' (zr=z1) can be obtained from the stereo photographs as the position of the object image on the stereo films measured from the ffirns center. Thus, the position of the object in three dimensions can be obtained from equations (11), (12) and (13).
In the case of a fish, as shown in Fig. 3 , let it be regarded as a line segment between two ends point P and Q. The projections of the line segment PQ on the X-Y and Y-Z planes are P1Q1 and P2Q2, respectively. Let the coordinates xT1 , yT1, zT, be the calculated position of the snout top P, and xT2, yT2, zT, be the calculated position of the center of caudal fork Q of the fish, the length L of the fish and the distance d from the center of Museum of Tokai University. A large aquarium 10m in diameter was used and a scale bar photo graphs were taken from the side at night at 20-second intervals. The distance from camera lens 1 to the center of the scale bar was set at 120cm and the length of the scale bar was 65cm. The aquarium wall was made of glass, so that the state of system could be monitored from outside. The lay-out of the system is shown in Fig. 4 .
Results and Discussion
From stereo photographs of the test pattern plate (Plate 1), the positions of 110 known points in three dimensions were calculated using the above method, and the actual values of the Y and Z coordinates were measured simultaneously. The test pattern plate was placed perpendicular to the optical axis of the lens. The distance from the center of lens 1 to the surface of the test pattern plate was 120cm. Thus, under ordinary cir cumstances, the actual X coordinates of all points on the test pattern plate are constant and equal to 120cm. Further, the actual values of the Y and Z coordinates of 110 known points on the test pattern plate were measured with a ruler. The spatial positions xT, yT, and zT of these 110 points in the stereo photographs of the test pattern plate were calculated using equations (11), (12) In fact, besides the effect of plane port, there is some error of measurement made by human. This human error can be regarded as the sum of errors in reading the photographs, errors in failing to set the two optical axes of the cameras exactly parallel, and errors by the rotation of the stereo films. The errors in reading the photographs are unavoidable and vary at each measurement. However, the errors in setting the two camera axes and by rotation of the stereo films are small and can be corrected by the software for each measurment.
From 84 pairs of stereo photographs, the spatial positions of the two ends of the scale bar were calculated using equations (11), (12) and (13). These calculated positions were then compensated according to equations (18), (19) and (20). The calculated distance (using equation (15)) and length (using equation (14)) of the scale bar, and the mean absolute errors in distance and length are shown in Table 1 . The mean absolute errors in measurement of the scale bar were 0.75% for length and 0.77% for distance, respectively. The results of the measurements of the scale bar indicate that the mean errors of both distance and length are smaller than 1.0%. In SYMONS works,5,6) the maximum mean error of fish-to-fish distance was 3.96%, and the maximum error of fish length was 3.6%. While, in the method of CULLEN et al. 4 ) with a camera-to-water-surface dis tance of 90-130cm, and an interocular distance of 5.9cm, the error for an object at a distance of 2m was 6cm in the vertical direction . In the method of HASEGAWA and TSUBOI7) where the Table 1 . Calculated distance and length, and the mean errors in calculating distance and length by using a scale bar as the known object distance from the camera lenses to the water surface was 158cm, and the interocular distance was 16.6cm, the average errors in the position of a small float were 0.4cm in horizontal direction, and 1.4cm in the vertical direction. Thus, it can be concluded that the results obtained by the pre sent method are adequate for the measurement of the underwater position of an object. The applica tion of the present method to fish measurements will be reported in future papers.
